The distorting effects of turbulence on images from a radio astronomy interferometer may be dramatically reduced by using a second instrument that monitors the atmosphere in real time.
Millimeter-and submillimeter observations-such as mapping cold dust or molecular spectral lines-are uniquely suited to a range of important topics in astrophysics, cosmology, and astrochemistry. Expanding our knowledge in these fields requires subarcsecond resolution. A telescope of diameter D, observing at a wavelength λ, has a resolution of ∼ λ/D. Accordingly, an antenna ∼2km across would reveal details of ∼0.1 arcseconds at a millimeter wavelength. Although this is impractical for a single antenna, interferometer arrays can achieve this resolution because the outputs of multiple antennas separated by distances up to D are electronically combined.
Good imaging requires that signals from all antennas have identical path lengths ( λ/20), including electronics, transmission, and atmosphere. Atmospheric path differences have random components with a wide range of spatial and temporal scales, principally due to turbulent distribution of tropospheric water vapor. Commonly, water content is inferred from the millimeter continuum emission or the brightness of the 22 or 183GHz water line. 1 A major problem is that the factor to convert the measured brightness fluctuations to variations in the path delay for the signal varies in time depending on atmospheric conditions. Here we discuss an alternative method for directly measuring delay fluctuations.
Antennas in a second atmospheric monitoring array, paired with the science array antennas, continuously observe a pointlike source, such as a quasar, to determine the atmospheric delay fluctuations on each baseline (antenna pair) (see Figure 1) . This data is then used to correct the signal phases on the science baselines. The group of Asaki 2 demonstrated that the relative delay fluctuations measured by a pair of antennas monitoring a satellite signal matched those measured by an adjacent antenna pair on a quasar transiting within a few degrees of the satellite.
At CARMA (Combined Array for Research in Millimeterwave Astronomy), we have paired the eight 3.5m antennas of the Sunyaev-Zel'dovich Array (SZA) with eight of the 15 CARMA antennas in the extended configurations (∼2km). While CARMA observes its science target, the SZA observes The SZA has an 8GHz-wide correlator and sensitive receivers operating at 27-35GHz, where atmospheric transmission is high, allowing sources of a few tenths of a jansky to yield precise delay measurements in a matter of seconds. There are sources of suitable brightness within a few degrees of most parts of the sky. The phase slope across the SZA band reflects the atmospheric delay at any given moment, and this can be applied at the CARMA observing frequency to correct its measured phases. Assumption of a nondispersive atmosphere is accurate enough to use the same delay for millimeter and centimeter frequencies.
Continued on next page
In the 2008-09 winter season, antennas were moved into the 2km configuration for the first time (see Figure 2) . Simultaneously, the correction scheme was implemented and data analysis developed. Figure 3 presents a typical record of phase on a CARMA baseline before and after applying the atmospheric correction. An astronomical image of quasar 3C111 corrected using atmospheric delays measured on 3C84 is presented in Figure 4 . in astronomy. Our initial studies have not only demonstrated significant increases in image quality and flux precision, but are yielding publishable science observations. During the winter of 2009-10 we will continue to develop this technique. Better understanding and characterization of some of the instrumental phases will enable us to separate them from the atmospheric effects. We will also investigate the covariance between the atmospheric and science array fluctuations to optimize the weighting to apply to the corrections, depending on the conditions, as well as the calibration source brightness and distance from the science target. 
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